The aim of this study was to investigate the association between GGE Biplot and Eberhart and Russell methodologies and to select cowpea genotypes that meet both high grain yield, adaptability and stability for Mato Grosso do Sul environments. The trials were carried out from February to July of 2010, 2011 and 2012 in the municipalities of Dourados, Aquidauana and Chapadão do Sul. The trials in Chapadão do Sul were conducted only in the years 2010 and 2011, totaling eight environments. After detecting significant GE interaction, adaptability and phenotypic stability of cowpea genotypes were analyzed by GGE Biplot and linear regression methods. Eberhart and Russell and GGE biplot methodologies discriminate differently the best cowpea genotypes and it can be used in a complementary way. MNCO1-649F-2-11 and MNCO2-675-4-9 genotypes are the closest to the ideal in terms of high grain yield and phenotypic stability, being so suitable for cultivation in the state of Mato Grosso do Sul.
INTRODUCTION
Cowpea [Vigna unguiculata (L.) Walp.] is an important low-cost protein source for human food in the North and Northeast regions of Brazil, being the states of Ceará, Piauí and Mato Grosso the largest Brazilian producers of this crop (NUNES et al., 2014) . In the state of Mato Grosso do Sul, its cultivation is predominantly done in small areas, especially those from the Northeast farmers, who have settled in federal enclaves in the state and in areas belonging to indigenous communities (SANTOS et al., 2014; BARROSO et al., 2016) .
Given the great cowpea growth differential, which currently covers three Brazilian regions, it is extremely important to investigate the magnitude of genotypes x environments (GE) interaction in order to choose the best selection strategy and recommendation for cultivars. In this sense, some studies to select upright and prostrate cowpea genotypes superior in adaptability and stability have been conducted. Several methods have been used, among them the classic Eberhart and Russel (1966) based on linear regression have been widely used (ROCHA et al., 2007; BARROS et al., 2013; NUNES et al., 2014; TORRES et al., 2016) .
However, there are recent methodologies that adequately explain the principal effects (genotype and environment) and its interaction, such as GGE Biplot analysis, proposed as a graph able to interpret GE interaction in the SREG model (YAN et al., 2000) . This analysis considers only that the GE and genotype (G) effects are relevant in assessing cultivars. The graph axes are the first two principal components of multivariate analysis, assuming the environment effects as fixed. Thus, the yield changes are due only to G and GE effects (MIRANDA et al., 2009) .
Recently, Eberhart and Russel (1966) and GGE Biplot methodologies have been employed separately for investigating the GE interaction in several crops, but there are no reports on its joint utilization for cowpea. The aim of this study was to investigate the association Eberhart and Russel (1966) and GGE Biplot methodologies and to select cowpea genotypes that simultaneously combine high yield, stability and adaptability to environments of Mato Grosso do Sul.
MATERIAL AND METHODS
Trials were performed from February to July in the years 2010, 2011 and 2012 in the state of Mato Grosso do Sul. The evaluation environments consisted of combining site and year: Aquidauana, 2010 , 2011 and 2012 , whose coordinates are 20º27′S and 55º40′W, with altitude of 187 m; Dourados, 2010 , 2011 and 2012 , situated under the coordinates 18º46′S and 52º37′W, with altitude of 806 m; and Chapadão do Sul, 2010 and 2011 (CS10 and CS11, We used the randomized complete block design with 20 genotypes (MNCO1-649F-1-3, MNCO1-649F-2-1, MNCO1-649F-2-11, MNCO2-675-4-9, MNCO2-675F-9-5, MNCO2-676F-1, MNCO2-677F-2, MNCO2-677F-5, MNCO2-680F-1-2, MNCO2-689F-2-8, MNCO2-701F-2, MNCO3-736F-2, MNCO3-736F-6, MNCO3-761F-1, Pingo de Ouro-1-2, BRS-Xiquexique, BRS-Juruá, BRS-Aracê, BRS-Gurguéia and BRS-Marataoã) and four repetitions. The experimental plot consisted of four rows with five meters long, considering as useful area the two central lines. The genotypes used are coming from the Embrapa Meio-Norte, with fourteen advanced lines and 6 cultivars.
In Aquidauana and Chapadão do Sul mechanized tillage was performed with opening of the grooves for incorporating the fertilizer and seeds, while in Dourados was performed direct sowing (no-tillage) and sowing fertilization consisted applying 200 kg ha -1 of NPK (04-20-20) . At 15 days after sowing, it was performed the thinned to eight plants per meter. Pest control was carried out with application of Delthametrin and Methamidophos insecticides at 60 ml ha -1 and 1 L ha -1 , respectively.
Grain yield data were subjected to individual analysis of variance, having considered the treatment effects such as fixed and the other effects as random. We detected that the relationship between the highest and the lowest mean square of the individual analysis of variance of the residue exceeded the ratio 7:1, being performed, thus, the adjustment of the degrees of freedom for the joint analysis of trials (COCHRAN, 1954) . Subsequently, the data were submitted to the adaptability and stability analysis using the Eberhart and Russel (1966) and GGE Biplot methods (YAN et al., 2000) . Eberhart and Russel's (1966) linear regression model was Y ij = m i + b i I j + d ij + e ij , wherein Y ij is the mean observed of the genotype i in the environment j; m i is the overall mean of the genotype i; b i is the coefficient of regression of the genotype i; I j is the environmental index j; d ij is the regression deviation of the genotype i in the environment j; e ij is the average error associated to mean. Environmental index was estimated according to
Y is the mean of the environment j; n is the number of environments. According to Eberhart and Russel (1966) method, genotype adaptability was measured by the parameter β 1i , while that the behavior stability was evaluated by the variance of the regression deviations (σ² di ) and of coefficient of determination (R²) that, according to Cruz et al. (2012) , is an auxiliary measure for evaluating the stability. When the σ² di is significant and R² is higher than 80%, R² indicates acceptable predictability. F test was used to assess the significance of the parameter σ² di while t-test was employed for assessing the significance of the parameter β 1i from Eberhart and Russel (1966) method. This analysis was performed with the assistance of the Genes software (CRUZ, 2013) .
GGE Biplot model used was the following: Y ij -y j = y 1 ε i1 ρ j 1 + y 2 ε i2 ρ j 2 + ε ij where: y ij represents the average grain yield of the population of i order in the in the environment of j order; y j is the overall mean of the genotypes into environment j; y 1 ε i 1 ρ j 1 is the first principal component (PC1); y 2 ε i 2 ρ j 2 is the second principal component (PC2); y 1 and y 2 are the eigenvalues associated with IPCA1 and IPCA2, respectively; ε 1 and ε 2 are PC1 and PC2 values, respectively, for the genotype of i order; ρ j1 and ρ j2 are PC1 and PC2 values, respectively, for the environment of j order; and ε ij is the error associated with the i-th genotype and j-th environment model 
RESULTS AND DISCUSSION
In joint analysis (Table 2) , all effects were significant (P≤0.05), which indicates contrasts between environments and the occurrence of differential genotypes response against the environmental effects. Similar results were obtained by Rocha et al. (2007) , Barros et al. (2013) , Nunes et al. (2014) , Teodoro et al. (2015) , Santos et al. (2015 Santos et al. ( , 2016 who also found significant differences in the genotype, environments and genotypes x environments interaction effects, evaluating semi-prostate cowpea genotypes in multienvironments trials in the Mid-North and Midwest Brazilian region. The existence of significant genotypes x environments interaction for grain yield indicates that the adaptability and stability analyzes are appropriate because the edaphoclimatic factors are those that most influence the adaptability and stability of genotypes. Based on Eberhart and Russel (1966) method, the genotypes MNCO1-649F-2-11, MNCO2-675-4-9, MNCO2-675F-9-5 and BRS-Xiquexique were the most suitable for unfavorable environments (β 1i <1) due to the fact that the yield is higher than the environment average, in addition to having high stability (σ² di not significant) and predictability (R²>80%) ( Table 3) . Regarding the favorable environments (β 1i >1), the genotypes MNCO2-701F-2 and BRS-Aracê were the most recommended, since they combine high average yield and stability (σ² di significant and not significant), in addition to having acceptable predictability (R²>80%) according to Cruz et al. (2012) . Barros et al. (2013) , when assessing the cultivar BRS Xiquexique with another group of genotypes and environments, found that it has adaptability to unfavorable environments and high predictability, resembling the results obtained in this study. Table 3 . Overall means for yield grain (β 0i , kg ha -1 ), coeficiente of regression estimates (β 1i ), deviation of regression (σ² di ) and coefficient of deviation (R 2 ), according to Eberhart & Russell (1966) Figure 1 shows a polygon that connects the genotypes MNCO3-736F-2 (G12), BRS-Marataoã (G20), BRS-Gurguéia (G19), MNCO3-761F-1 (G14), MNCO2-675F-9-5 (G5) and BRS-Juruá (G17), which are the furthest ones from the biplot origin. These genotypes have the largest vectors in the respective directions; the vector length and direction represents the extension of the genotypes response tested for environments. All of the other genotypes are contained within the polygon and have lower vectors, i.e., they are less sensitive when compared to the interaction with the environments of each sector (YAN; RAJCAN, 2002) . Vectors from the biplot center (0; 0), perpendicular to the sides of the polygon, divided the graph into six sectors. Likewise, Mattos et al. (2013) , Correa et al. (2016) and Santos et al. (2016) assessed the productivity of sugarcane, common bean and cowpea genotypes, respectively, using the GGE Biplot methodology and found that the graphs were divided into six sectors. (Figure 1 ) clustered the sites AQ10 and AQ12 into Mega-environment I; AQ11 and DS12 into Mega-environment II; CS10, CS11 and DS11 into Mega-environment III. Megaenvironments are the sectors containing one or more environments. The Genotype MNCO3-736F-2 (G12), present at vertex of the Mega-environment I, had the highest average grain yield in the environments AQ10 and AQ12; BRS-Marataoã (G20) contained into the vertex of the Megaenvironment II achieved the highest yield in AQ11; among the genotypes allocated at the vertices of the Mega-environment III, BRS-Gurguéia (G19) was the most productive in DS11, while MNCO3-761F-1 (G14) obtained the better performance in CS10 and CS11.
When genotypes give rise to vertices of the polygon, but do not contain any clustered environment, they are considered unfavorable for the tested environments groups with low yield (MIRANDA et al., 2009 ). Thus, individuals in sectors included by them are also unfavorable for the recommendation. In this context, except for the cultivar BRS-Aracê (G18, sector VI), it can be inferred that the other genotypes have some specific adaptation and should be evaluated carefully in order to obtain better recommendations (Figure 1 ).
According to Yan and Rajcan (2002) , an ideal genotype should have a average grain yield consistently high in all evaluated environments. This ideal genotype is graphically defined by the longest vector in PC1 and PC2 without projections, represented by the arrow in the center of concentric circles (Figure 2 ). Although this genotype is more of a representative model, it is used as a reference for the evaluation of the genotype. Thus, the cultivar BRS-Gurguéia (G19), inserted in the second concentric circle and the genotypes MNCO1-649F-2-11 (G3) and MNCO2-675-4-9 (G4), both allocated in the third round, are the closest to the ideal in terms of high yield and phenotypic stability. It is worth mentioning that the cultivar BRS-Gurguéia (G19), despite obtaining a higher average yield over the evaluated environments and be close to the ideal genotype by GGE biplot 636 Selection of cowpea… SANTOS, A. et al method, obtained significant σ² di (P≤0.05) and low predictability (R²<60%) by Eberhart and Russel (1966) method. This indicates that this cultivar has adaptability to specific environments and its cultivation cannot be recommended in widespread manner to the state of Mato Grosso do Sul because of its low phenotypic stability. According to Yan and Rajcan (2002) , an ideal environment should have a high score for PC1 (greater power of genotype discrimination in terms of genotype main effects) and zero score for PC2 (greater representation of all other environments). Thus, in Figure 3 , This environment is represented on the x-axis by an arrow in the center of concentric circles. In the same way that the ideal genotype, the ideal environment is just an estimation and serves as a reference for selecting a site for multi-testing environments. Therefore, the environments AQ11 (first concentric circle) and CS11 and DS11 (both tirth concentric circle) are those with greater ability to discriminate genotypes, favoring the selection of superior genotypes. CONCLUSIONS Eberhart & Russell's (1966) and GGE biplot methodologies discriminate differently the best cowpea genotypes and it can be used in a complementary way.
MNCO1-649F-2-11
and MNCO2-675-4-9 genotypes are the closest to the ideal in terms of high grain yield and phenotypic stability, being so suitable for cultivation in the state of Mato Grosso do Sul.
RESUMO:
O objetivo deste trabalho foi verificar a associação entre as metodologias de Eberhart & Russel e GGE Biplot e selecionar genótipos de feijão-caupi que reúnam simultaneamente alta produtividade de grãos, adaptabilidade e estabilidade aos ambientes de Mato Grosso do Sul. Os experimentos foram realizados no período de fevereiro a julho de 2010, 2011 e 2012, nos municípios de Dourados, Aquidauana e Chapadão do Sul. Os experimentos em Chapadão do Sul foram realizados apenas nos anos de 2010 e 2011, totalizando oito ambientes. Após detectar interação da GE significativa, a adaptabilidade e estabilidade fenotípica dos genótipos de feijão-caupi foi analisada pelos métodos GGE Biplot e regressão linear. As metodologias de Eberhart & Russell e GGE biplot discriminam de forma distinta os melhores Selection of cowpea… SANTOS, A. et al genótipos de feijão-caupi e podem ser usadas de forma complementar. Os genótipos MNCO1-649F-2-11 e MNCO2-675-4-9 são indicados para o cultivo no Estado de Mato Grosso do Sul, pois aliam alta produtividade de grãos e estabilidade fenotípica.
